JOURNAL OF VIROLOGY, Jan. 2011, p. 697-704
0022-538X/11/$12.00 doi:10.1128/JVI1.01309-10

Vol. 85, No. 2

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Rabies Virus (RV) Glycoprotein Expression Levels Are Not
Critical for Pathogenicity of RV"

Christoph Wirblich' and Matthias J. Schnell’-**

Department of Microbiology and Immunology' and Jefferson Vaccine Center,? Jefferson Medical College,
Thomas Jefferson University, Philadelphia, Pennsylvania 19107

Received 20 June 2010/Accepted 1 November 2010

Previous comparisons of different rabies virus (RV) strains suggested an inverse relationship between
pathogenicity and the amount of glycoprotein produced in infected cells. In order to provide more insight into
this relationship, we pursued an experimental approach that allowed us to alter the glycoprotein expression
level without altering the glycoprotein sequence, thereby eliminating the contribution of amino acid changes to
differences in viral virulence. To this end, we constructed an infectious clone of the highly pathogenic rabies
virus strain CVS-N2c¢ and replaced its cognate glycoprotein gene with synthetic versions in which silent
mutations were introduced to replace wild-type codons with the most or least frequently used synonymous
codons. A recombinant N2c¢ variant containing the fully codon-optimized G gene and three variants carrying
a partially codon-deoptimized G gene were recovered on mouse neuroblastoma cells and shown to express 2-
to 3-fold more and less glycoprotein, respectively, than wild-type N2c. Pathogenicity studies in mice revealed
the WT-N2c virus to be the most pathogenic strain. Variants containing partially codon-deoptimized glyco-
protein genes or the codon-optimized gene were less pathogenic than WT-N2c¢ but still caused significant
mortality. We conclude that the expression level of the glycoprotein gene does have an impact on pathogenicity
but is not a dominant factor that determines pathogenicity. Thus, strategies such as changes in codon usage
that aim solely at altering the expression level of the glycoprotein gene do not suffice to render a pathogenic

rabies virus apathogenic and are not a viable and safe approach for attenuation of a pathogenic strain.

According to estimates by the WHO, 55,000 human lives are
lost per year as a result of bites inflicted by rabid animals (41).
The vast majority of rabies cases occur in young children in
Asia and Africa and can be attributed to infections with geno-
type 1 lyssaviruses, which are nonsegmented, negative-
stranded RNA viruses that encode five structural proteins.
While the correlates of immune protection are well defined
and effective postexposure treatment has been developed, it is
often not available, particularly in poor countries. If postexpo-
sure treatment is not administered and patients develop clin-
ical signs of rabies, the outcome of the infection is almost
always death (14, 25, 32).

While basically all mammals are susceptible to rabies, a
comparatively small number of carnivores, mainly dogs, foxes,
raccoons, raccoon dogs, skunks, and mongooses, serve as wild-
life reservoirs. In addition, bats have been recognized as im-
portant vectors of rabies virus (RV) and of a large number of
related lyssaviruses that occasionally cause rabies-like disease
in humans. Bats also likely serve as a primary reservoir from
which rabies spreads to terrestrial animals. Although eradica-
tion of rabies virus poses a formidable challenge (with respect
to bats in particular), vaccination of the primary terrestrial
vector species is the most effective method of controlling rabies
(11, 29, 30). There is therefore a strong incentive for develop-
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ing cheap and effective vaccines that are suitable for mass
vaccination of wildlife carriers of rabies.

Since Louis Pasteur’s first attempt to attenuate rabies virus,
many approaches have been pursued to reduce the virulence of
viruses, resulting in the development of live attenuated vac-
cines against a number of RNA viruses, including rabies virus
itself. These traditional vaccines still play a prominent if not
dominant role in the viral vaccine field, despite considerable
and in some cases successful efforts to develop alternatives.
However, replication-competent viral vectors carry the intrin-
sic risk of mutating or reverting to a more virulent phenotype.
Considerable effort has therefore been expended on improving
the safety of viral vectors. Among the most promising devel-
opments are single-cycle vectors, which are unable to produce
infectious progeny virus in noncomplementing cells due to the
lack of an essential gene and are therefore limited to one
round of infection in the initial target cells of the vaccine
recipient (7). Recently, a new method of attenuation based on
large-scale changes in codon or codon-pair usage was success-
fully tested in poliovirus and has been proposed as a universal
strategy for attenuation of many different RNA viruses (4, 26).
This strategy, dubbed “attenuation by a thousand cuts,” prom-
ises safer vaccines that are less prone to revert to a pathogenic
phenotype than traditional live vaccines.

In the case of rabies virus, safety is of prime concern because
of the nearly 100% mortality resulting from infections with
pathogenic virus strains. For this reason, only killed vaccines
have been approved for use in humans. However, eradication
of rabies from its wildlife reservoirs is currently feasible only
through the use of live attenuated viruses (31). Thus, numer-
ous approaches have been pursued to develop alternatives to
traditional live rabies virus vaccines (33). Among these are
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recombinant viral vectors (such as canine adenovirus and pox-
viruses) that express the rabies glycoprotein (37, 40), which is
the main protective antigen and the target of neutralizing an-
tibodies (5, 42). Considerable effort has also been expended on
improving the safety of live rabies virus vectors. These efforts
include site-directed mutagenesis of the matrix and glycopro-
tein gene, insertions of proapoptotic and antiviral genes, gene
deletions, and duplication of the glycoprotein gene (2, 8-10,
13, 17, 24, 28, 35, 43). The latter approach was formulated on
the basis of the finding that there appears to be an inverse
correlation between pathogenicity and glycoprotein expression
level (23). This conclusion was largely derived from compari-
sons of different rabies virus strains. Later studies using recom-
binant rabies viruses that carry glycoprotein genes of other
rabies virus strains were designed to verify this conclusion (21,
45). However, to date no study has addressed the relationship
between glycoprotein expression level and pathogenicity using
an approach that eliminates the effect on viral virulence of
differences in glycoprotein sequences. Here we describe re-
combinant variants of the highly pathogenic rabies virus strain
CVS-N2c that carry synthetic codon-optimized or -deopti-
mized versions of the N2c glycoprotein gene. Utilizing these
variants, which have the same amino acid sequence but express
different amounts of glycoprotein, we show that minor reduc-
tions in the glycoprotein level do not significantly change
pathogenicity whereas larger changes do reduce pathogenicity
to some extent but do not eliminate it.

MATERIALS AND METHODS

Virus growth and RNA purification. CVS-N2c was grown on NA cells at 34°C,
and virus particles were recovered from culture supernatants by first pelleting cell
debris at 1,500 X g for 10 min. The virus was then concentrated and purified by
centrifugation at 120,000 X g for 60 min twice through 20% sucrose in TEN buffer
(100 mM Tris-HCI at pH 7.6, 100 mM NaCl, 10 mM EDTA). RNA was isolated
from purified virions by the use of an RNeasy kit (Qiagen) according to the instruc-
tions of the manufacturer and used for reverse transcription-PCR (RT-PCR) am-
plification and sequence determination of the viral genome.

Sequence determination of the N2C strain. A nearly full-length sequence
(GenBank accession number DQ875050) with close to 100% homology to the
N2c glycoprotein sequence (GenBank accession number AF042823) (22) was
identified by database searches and utilized to design primers for RT-PCR
amplification of viral cDNA by the use of a One-Step RT-PCR kit (Invitrogen)
and for use with a commercial rapid amplification of cDNA ends (RACE) kit
(Invitrogen) to determine the terminal sequences of the N2c strain. A full-length
sequence was compiled by direct sequencing of PCR fragments and deposited in
the GenBank database under accession number 362716.

Plasmid constructs. A full-length infectious clone was assembled by stepwise
cloning of five cDNA fragments into a Bluescript SK(—) vector (Stratagene)
containing a cytomegalovirus (CMV) promoter, T7 promoter hammerhead ri-
bozyme, and hepatitis delta virus ribozyme (19) following published strategies
(15, 18). PCR mutagenesis was used to flank the glycoprotein gene with Xmal
and Nhel sites. The wild-type (WT) glycoprotein gene was then replaced with
synthetic variants that were codon-deoptimized or codon-optimized over the
entire length of the gene, apart from a few nucleotide positions that were left
unchanged to preserve restriction sites that are present in the wild-type se-
quence. The D40N chimera was constructed by replacing the PvulI-Sphl frag-
ment (codons 43 to 240) with the corresponding region of the codon-deoptimized
gene. The D40C chimera was constructed by replacing the fragment extending
from the single BsmBI site to the 3’ end of the wild-type gene (codons 322 to
524) with the corresponding region of the codon-deoptimized gene, and the D80
chimera was constructed by replacing both fragments with the codon-deopti-
mized regions. For transient expression in mammalian cells, the full-length
glycoprotein genes were inserted into the pCAGGS vector (27). Codon optimi-
zation and codon deoptimization were performed using the mouse codon usage
table available at www.kazusa.or.jp and Upgene (12) or GeneDesigner (DNA2.0,
Menlo Park, CA) program packages.
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Recovery of infectious viruses and amplification of virus. Infectious virus was
recovered as described in reference 43 except that 0.5 pg of a plasmid expressing
T7 RNA polymerase was included in the transfection mixture and NA mouse
neuroblastoma cells were used instead of BSR cells to recover and amplify
recombinant virus. NA cells were grown in RPMI medium containing 5% fetal
calf serum (FCS) or in Cellgro serum-free medium for preparation of viral
stocks. Titration of viral stocks was performed using 96-well plates by infecting 3
to 4 X 10* NA cells with 10-fold serial dilutions of virus stock for 48 to 60 h at
34°C. Cells were fixed with 80% acetone, stained with fluorescein isothiocyanate
(FITC)-labeled monoclonal antibody (MAb) against the nucleoprotein for sev-
eral hours at 37°C, and examined under a fluorescence microscope.

One-step and multistep growth analysis of viruses. NA cell monolayers were
infected at a multiplicity of infection (MOI) of 0.05 for multistep growth curves
and at an MOI of 5 for single-step growth curves. After 1 h of incubation at 37°C,
the inoculum was removed, cells were washed three times with phosphate-
buffered saline (PBS), and 3 ml of fresh serum-free medium was added. Super-
natants were harvested at the time points indicated in the figures, and virus titers
were determined in triplicate on NA monolayers as described previously.

Mouse pathogenicity studies. Groups of 5 to 10 male C57/B6 mice 6 to 10
weeks of age were inoculated intramuscularly with 5 to 10 X 10° or 5 X 10°
focus-forming units (FFU) of recombinant virus diluted in PBS. The mice were
monitored over 4 weeks for clinical signs of rabies and weight loss. Any mouse
that lost more than 20% of its preinfection body weight was euthanized. Survival
curve comparisons were performed using Prism software (GraphPad Software,
San Diego, CA), and statistical significance was determined using the log-rank
(Mantel-Haenszel) test.

Western blotting. Mouse neuroblastoma cells were infected at an MOI of 2 to
5 at 34°C. At 24 to 48 h postinfection, the cells were washed once in PBS and
resuspended in lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% NP-40,
0.1% sodium dodecyl sulfate [SDS], 1X protease inhibitor cocktail [Sigma]) on
ice for 30 min. The suspension was transferred to a microcentrifuge tube and
spun for 10 min at 16,000 X g to remove cell debris. Proteins were separated by
SDS-10% polyacrylamide gel electrophoresis (SDS-10% PAGE) and trans-
ferred to a nitrocellulose membrane (Whatman, Minnetonka, MN). Blots were
blocked for 1 h in 5% dry milk powder in Tris-buffered saline (TBS) (pH 7.4).
After being blocked, blots were washed twice using a 0.05% TBS-Tween 20
solution and incubated with polyclonal rabbit anti-RV G antibody overnight at
4°C. Blots were then washed four times with 0.1% TBS-Tween. Secondary goat
anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated antibodies
(Jackson ImmunoResearch, West Grove, PA) (diluted 1:50,000) were added,
and blots were incubated for 1 h at room temperature. Blots were washed four
times with 0.1% TBS-Tween and washed once with PBS (pH 7.4). Chemilumi-
nescence analysis using WestPico substrate (Thermo Fisher Scientific, Rockford,
IL) was performed as instructed by the vendor.

FACS analysis. Monolayers of NA cells grown in six-well plates were infected
at an MOI of 5 and incubated for 24 to 72 h at 34°C. Cells were resuspended and
washed once in fluorescence-activated cell sorter (FACS) buffer (PBS, 2% bo-
vine serum albumin [BSA], 0.02% sodium azide). After centrifugation, cells were
fixed with 2% paraformaldehyde for 20 min at 4°C and washed three times with
FACS buffer. To stain for surface glycoprotein, fixed cells were incubated with
human anti-RV G CR57 MAD (6) diluted 1:400 in FACS buffer followed by
Dylight 649-conjugated goat anti-human antibody (Jackson Immunoresearch,
West Grove, PA) diluted 1:300. For staining of intracellular protein, cells were
incubated with FITC-conjugated monoclonal antibody against RV strain N (Fu-
jirebio, Malvern, PA) diluted 1:200 in Cytoperm buffer (BD Biosciences) for 30
min at 4°C and washed twice with Cytoperm and once with FACS buffer. Flow
cytometry was performed on a FACSCalibur system (Becton Dickinson). Results
were analyzed using FlowJo software (TreeStar, Ashland, OR).

RNA isolation and Northern blotting. Monolayers of NA cells grown in six-well
plates were infected at an MOI of 5 and incubated for 48 h at 37°C. Cells were
washed once in PBS, and RNA was isolated using an RNeasy Mini kit following the
instructions of the manufacturer (Qiagen, Valencia, CA). For Northern blotting, 4
g of total RNA was denatured with glyoxal for 30 min at 50°C, separated on a 0.9%
agarose gel in MOPS (morpholinepropanesulfonic acid) buffer, and transferred to a
positively charged nylon membrane by the use of reagents provided in a Northern-
Max-Gly kit (Ambion, Austin, TX). After UV cross-linking was performed, the
membrane was hybridized at 48°C with heat-denatured DNA probes at a concen-
tration of 5 pM. The Pseudogene and M probes were chemically labeled using a
Psoralen-Biotin kit from Ambion. Posthybridization treatment, incubation with
streptavidin-alkaline phosphatase (streptavidin-AP) conjugate, and incubation with
CDP-Star substrate were carried out following the instructions provided with a
Brightstar BioDetect kit from Ambion.
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FIG. 1. Genomic map and pathogenicity of wild-type CVS-N2c virus and the recombinant rN2c virus recovered on mouse neuroblastoma cells.
(A) A full-length infectious clone of CVS-N2c virus was constructed by stepwise assembly of cDNA fragments, utilizing the five singular restriction
sites shown in the genomic map of rN2C. An AflII site upstream of the glycoprotein gene in CVS-N2c was replaced with an Xmal site for cloning
purposes and as a marker for identification of the recombinant virus. (B and C) Groups of 10 Swiss Webster mice 6 to 8 weeks of age were
inoculated intramuscularly with 1 X 10° infectious particles of CVS-N2c or the recombinant rN2C virus and monitored daily for weight loss (B) and
mortality (C). Mice that lost more than 20% of their initial weight or showed hind leg paralysis were euthanized. Mean weight curves are shown

for each day postinfection until day 10, when all of the CVS-N2c-infected

mice (n = 10) and 9 of 10 mice infected with rN2c succumbed to disease.

One mouse in the rN2c group survived the infection without showing signs of disease by day 14.

Nucleotide sequence accession number. A full-length sequence of strain N2C
was compiled by direct sequencing of PCR fragments and deposited in the
GenBank database under accession number 362716.

RESULTS

To address the relationship between glycoprotein level and
pathogenesis, we decided to utilize an infectious clone of the
CVS-N2c strain. The rationale for doing so was threefold. (i)
The N2c glycoprotein has been extensively used to demon-
strate the crucial role of the glycoprotein for pathogenicity,
neurotropism, and neuroinvasiveness (21, 23). (ii) The conclu-
sion that pathogenicity inversely correlates with glycoprotein
expression level was originally derived by comparing N2c¢ and
the closely related B2c variant of the CVS-24 RV strain. (iii)
N2c is a highly pathogenic and neurotropic virus and is there-
fore better suited to analysis of attenuation of pathogenic RV
than the already highly attenuated SAD and NC-HL strains,
which served as a genetic background in earlier studies of the
RV glycoprotein and its role in pathogenicity (21, 34, 36).

Construction of the infectious clone was aided by the avail-
ability of a nearly full-length sequence of the CVS-24 strain in
the PubMed database and was accomplished by stepwise clon-
ing of cDNA fragments into an existing vector that carries
promoters and ribozyme sequences for generation of an exact
copy of the antigenomic RNA. To be able to distinguish
recombinant N2c from CVS-N2c, an AflII site upstream of the
glycoprotein gene in CVS-N2c was replaced with an Xmal site
(Fig. 1A). Infectious virus (rN2c) was recovered in mouse
neuroblastoma cells and confirmed to be as pathogenic in mice
as CVS-N2c after peripheral inoculation (Fig. 1B and C).

In order to alter the amount of glycoprotein produced in
cells infected with rN2c, we designed a codon-optimized and a

codon-deoptimized synthetic version of the N2c glycoprotein
gene. To verify that the synthetic genes were functional and
that the changes in codon usage would have the desired effect,
we first carried out transient transfections in NA cells. As
expected, transfection of the codon-optimized construct re-
sulted in increased expression compared to wild-type gene
results, whereas the codon-deoptimized gene showed de-
creased expression compared to the WT gene (Fig. 2). In fact,
the deoptimized gene showed such low expression that we
decided to construct two chimeras that were only partially
codon-deoptimized in the 5" and 3’ half of the gene, respec-
tively, and a third variant that combined the two codon-deop-
timized stretches to generate a chimera (rN2c-D80) that was
deoptimized over approximately 80% of the length of the gly-
coprotein gene. As expected, all three chimeric genes showed
higher expression than the fully deoptimized gene but lower
expression than the wild-type gene.

To analyze the effect of the changes in codon usage on
protein expression in infected cells, we transferred the syn-
thetic glycoprotein genes into a full-length infectious clone of
the N2c strain in which the glycoprotein gene was flanked by
Xmal and Nhel sites to allow for easy exchange of the wild-
type gene. The engineered rN2c virus was confirmed to be
phenotypically indistinguishable from CVS-N2c in terms of
protein expression and growth kinetics (Fig. 3A and B; see also
Fig. 5B). Infectious virus was recovered on mouse neuroblas-
toma cells from all of the synthetic recombinants except for
that which carried the fully deoptimized gene. Growth curves
demonstrated that the codon-deoptimized recombinants grew
more slowly than wild-type virus, whereas the codon-optimized
variant grew with kinetics similar to those of wild-type N2c
(Fig. 3C and D). The deoptimized variants also spread more
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FIG. 2. N2C glycoprotein genes with altered codon usage (A) and
their expression levels in NA cells (B). A fully codon-optimized version
(Opt) or deoptimized version (D100) of the N2C glycoprotein gene
was generated by introduction of 384 or 440 silent mutations over the
entire length of the gene to replace wild-type codons with the most or
least frequently used synonymous codon where necessary. Additional
partially codon-deoptimized genes were generated by replacing codons
43 to 240 and codons 322 to 524 of the wild-type gene with the
corresponding fragments of the fully deoptimized version. The syn-
thetic genes were placed under the control of a chicken actin promoter
and their expression levels monitored by Western blotting of NA cell
lysates obtained at 48 h posttransfection. The lysates were probed with
antibodies against actin and rabies virus glycoprotein (G). Two differ-
ent exposure times are shown for the G probe. Control lysate from NA
cells transfected with a vector expressing red fluorescent protein
(RFP) was analyzed in parallel. Numbers in panel A indicate codon
positions in the glycoprotein gene.

slowly, as revealed by staining of infected NA monolayers (Fig.
4). Interestingly, the staining performed with monoclonal an-
tibody against the nucleoprotein showed a stronger signal for
the deoptimized viruses compared to wild-type virus results.
To evaluate the expression level of the glycoprotein, we
performed flow cytometric analysis of infected NA cells after
subjecting them to staining with monoclonal antibodies against
the glycoprotein G (Fig. 5A). As expected, we observed an
increase in the glycoprotein level in cells infected with the
codon-optimized N2c strain compared to wild-type N2c levels,
whereas glycoprotein expression was lower in cells infected
with codon-deoptimized variants of N2c. Simultaneous stain-
ing with antibody against N confirmed that all cells were in-
fected. To verify the difference in glycoprotein expression and
to assess expression of other viral proteins, we also performed
Western blotting using lysates from infected NA cells (Fig.
5B). As with the result obtained by immunofluorescence stain-
ing of infected cells, we observed a significant increase in the
expression level of the nucleoprotein in the deoptimized vari-
ants. Notably, the expression level of P was also increased in
the deoptimized variants, while the glycoprotein expression
was lower. An increase in intracellular protein accumulation
was also observed in cells infected with the codon-optimized
variant. However, the increase was generally lower than the
increase seen in cells infected with the deoptimized viruses.
To quantify the amounts of glycoprotein produced by the
different viruses, we performed flow cytometric analysis on
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cells that were infected for 24 or 72 h. Surface staining with
anti-G MAD revealed a 2- to 3-fold reduction of G glycoprotein
levels in cells infected with deoptimized viruses compared to
WT results and a 2-fold increase in glycoprotein in cells in-
fected with the codon-optimized virus (Fig. 6A). The differ-
ence in the amount of glycoprotein expression compared to
wild-type virus levels was highest at early times after infection.
At later times, the expression level gradually approached that
of the wild-type virus. This was also confirmed by Western
blotting (Fig. 6B).

The observed changes in protein expression levels could
potentially have been caused by changes in translation effi-
ciency or by changes in transcript levels. To distinguish be-
tween these two possibilities, we performed Northern blot
analysis on RNA isolated from NA cells at 52 h postinfection
(Fig. 7). Genomic RNA and glycoprotein mRNA were de-
tected using a probe for the pseudogene that is located down-
stream of the glycoprotein gene on the same mRNA. The
pseudogene sequence was left unaltered in the codon-modified
viruses, allowing detection of the codon-modifed G mRNAs by
the use of a wild-type pseudogene probe. Our results show that
replication was not negatively affected, as the amount of
genomic RNA produced by the codon-altered viruses was very
similar to the amount produced by wild-type virus. Likewise,
transcription was not negatively affected in either of the codon-
altered variants. In contrast, we did observe a slight increase in
G mRNA in the 80%-deoptimized virus. This increase was
most likely due to increased stability of the mRNA, as tran-
scription levels of the N and M genes were unaltered (data not
shown for N mRNA). These results indicate that the changes
in protein expression level observed in the codon-altered vi-
ruses were largely due to altered translation efficiencies.

To evaluate the pathogenicity of the recombinant viruses,
C57BL/6 mice were infected intramuscularly with 5 to 10 X 103
infectious particles and monitored daily for signs of rabies and
weight loss. Mice infected with wild-type virus started losing
weight on day 5 postinfection, after which their health deteri-
orated rapidly (Fig. 8). By day 7 to 8, most animals showed
severe signs of disease and hind leg paralysis. By day 10, a total
of 85% of the mice had to be euthanized, as their body weight
had dropped below 80% of the initial weight and the animals
had reached the terminal stage of disease. Very similar mor-
tality rates were observed in mice that were infected with the
DA40N deoptimized variant. However, disease progression was
slightly delayed compared to that seen with wild-type virus-
infected mice, and the maximum mortality rate of 80% was
reached only on day 16. A similar clinical picture (but a some-
what lower mortality level of 70%) was observed in mice in-
fected with the D40C variant. Mice that were infected with the
D80 variant displayed the most pronounced delay in disease
progression and the lowest mortality rate, with 68% of animals
succumbing to the infection. Of note, 1 out of 60 mice infected
with the D80 virus lost weight transiently, starting at day 10
with signs of ataxia, but started to recover on day 19. No
transient weight loss or recovery was observed in any of the
other groups of infected mice.

Based on earlier studies, a significant reduction in pathoge-
nicity was expected in mice that were infected with the codon-
optimized variant. However, the rN2c-Op virus still caused a
high (70%) mortality rate that was only slightly reduced com-
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FIG. 3. Growth kinetics of N2c strains on mouse neuroblastoma cells. Multistep (A, C, and D) or one-step (B) growth curves of the CVS-N2c
and recombinant N2c¢ strains are shown. NA cells were infected at an MOI of 5 (one-step) or 0.01 (multistep) and incubated at 34°C. Aliquots of
tissue culture supernatant were collected and subjected to titration in triplicate on NA cells. The recombinant N2c strain encoding WT-G grew
with kinetics similar to those of CVS-N2c¢ (A and B), whereas the N2c strains containing codon-deoptimized glycoprotein genes grew more slowly
(D). The N2c strain carrying the codon-optimized gene grew with kinetics similar to those of CVS-N2C but reached slightly higher titers at later
times postinfection (C). Growth curves are representative of the results of two independent experiments.

pared to rN2c results and similar to the mortality observed for
the D40C and D80 codon-deoptimized viruses. However, un-
like the latter, no significant delay in disease progression was
observed, which was a result very similar to that seen with mice
infected with wild-type virus.

Statistical analysis of the survival data revealed significantly
lower pathogenicity compared to wild-type N2c for the D80,
D40C, and codon-optimized virus, whereas no significant dif-
ference in pathogenicity compared to wild-type virus results
was found for the D40N variant. At higher doses, the differ-
ences between the viruses were not significant and no reduc-
tion in pathogenicity was observed for either the codon-opti-
mized or the codon-deoptimized rN2c-D80 virus compared to
wild-type virus (Fig. 9).

DISCUSSION

The present study was undertaken to address two questions.
First, we wanted to revisit the hypothesis that pathogenicity of
RV inversely correlates with glycoprotein expression level by
the use of an experimental approach in which only the amount
of G is varied. Even though RV G expression levels and patho-
genicity were analyzed in previous studies, interpretation of
these earlier results is complicated by simultaneous changes in

other parameters such as the G amino acid sequence and gene
number (21, 23), which contribute significantly to the patho-
genicity of RV. Second, we wanted to examine whether large-
scale changes in codon usage that are aimed at reducing pro-
tein expression are able to attenuate RV. This strategy, which
was first employed to attenuate poliovirus, holds considerable
promise, as it greatly reduces or eliminates the risk that an
attenuated virus would revert to a pathogenic phenotype (4,
26). However, the general applicability of this strategy for
RNA viruses is still questionable.

Our data show that neither an increase nor a decrease of the
amount of G renders a pathogenic rabies virus apathogenic,
although it does reduce pathogenicity to some extent. Several
conclusions can be drawn from our results. First, it appears
that the amount of G produced by the N2c strain is at a level
that confers maximum pathogenicity. This is an interesting and
important observation. Although we have not extended our
studies to other viral isolates, we speculate that the same likely
holds true for many field strains. Second, our data show that
reducing the amount of glycoprotein by large-scale codon de-
optimization does not result in a safe vaccine candidate. This
strategy is also unlikely to further attenuate existing vaccine
strains. Rather, it will most likely decrease their attenuation,
since a hallmark of these strains is increased viral glycoprotein



702 WIRBLICH AND SCHNELL

rN2c rN2c-D40C

rN2c-D40ON

J. VIROL.

rN2¢c-D80

rN2c-opt

FIG. 4. Viral spread in mouse neuroblastoma cells. NA cells were infected with N2c virus strains at an MOI of 0.005 for 60 h at 34°C, stained
with FITC-conjugated monoclonal antibody against RV nucleoprotein, and examined under a fluorescence microscope. Wild-type N2c and the
recombinant virus carrying the codon-optimized glycoprotein gene formed significantly larger foci than the recombinants containing codon-
deoptimized glycoprotein genes. NA cells infected with wild-type virus also showed dimmer green fluorescence than cells infected with the
codon-deoptimized variants, indicating lower intracellular accumulation of nucleoprotein. For each virus, three representative images taken from

different areas of the same slide are shown.

synthesis. Third, our data show that, in addition, increases in
glycoprotein level alone do not suffice to render a pathogenic
virus apathogenic.

Our results are in clear contrast to results obtained with
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FIG. 5. Viral protein expression in mouse neuroblastoma cells.
(A) NA cells were infected at an MOI of 5 for 40 h at 34°C, fixed, and
stained with monoclonal antibody against RV-G followed by staining
with fluorescently labeled secondary antibody and FITC-labeled
monoclonal antibody against the RV. (B) NA cells were infected at a
MOI of 5 for 36 h at 34°C and analyzed by Western blotting with
polyclonal antiserum against RV G, N, and P and a monoclonal anti-
body against actin.
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poliovirus, which is attenuated almost 100-fold by codon de-
optimization of the capsid genes (26). There are several factors
that likely contribute to this difference. In the case of poliovi-
rus, attenuation of capsid protein synthesis simultaneously re-
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FIG. 6. Viral protein expression in mouse neuroblastoma cells.
(A) NA cells were infected at an MOI of 5 for 24 and 72 h at 34°C,
fixed, stained with monoclonal antibody against the RV glycoprotein,
and analyzed by flow cytometry. Numbers at the top of the panels
indicate mean geometric fluorescence results. The analysis shows a
3-fold difference in glycoprotein expression between N2c (containing
the wild-type G gene) and the rN2C-D80 and rN2C-Opt variants at
24 h postinfection. At 72 h postinfection, the difference was approxi-
mately 2-fold. (B) Western blot analysis of glycoprotein expression.
NA cells were infected with N2c virus strains at an MOI of 5 at 34°C.
Cell lysate was prepared 24 and 36 h postinfection and analyzed by
Western blotting with polyclonal antiserum against RV-G.
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FIG. 7. Northern blot analysis of viral RNA production in mouse
neuroblastoma cells. (A) Total RNA was isolated at 48 h postinfection
and probed with a 450-nucleotide probe specific for the pseudogene
region that is located between G and L and transcribed as part of the G
messenger RNA. (B) Northern analysis of total RNA with a probe spe-
cific for the pseudogene and a second probe specific for the matrix protein
mRNA.

duces the amount of the viral nonstructural proteins, thereby
resulting in a general reduction of replication and viral protein
synthesis (26). This is not the case for RV. Reducing the
amount of RV-G does not reduce the amount of other viral
proteins; rather, it leads to an increase in the amount of N, P,
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FIG. 8. Pathogenicity of N2c strains. Mice were infected intramus-
cularly with 5 to 10 X 10° infectious particles and their mortality rates
recorded daily. Statistical analysis using the Mantel-Haenszel log-rank
test showed a statistically significant difference from wild-type rN2C
results (n = 80) for the rN2C-D80 virus (P = 0.0087; n = 60), the
rN2C-D40C strain (P = 0.0096; n = 60), and the codon-optimized
variant (P = 0.0388; n = 64) but no significant difference for the
rN2C-D40N virus (P = 0.3024; n = 40).
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FIG. 9. Pathogenicity of N2c strains in C57/B6 mice. Mice were
infected intramuscularly with 5 X 10° infectious particles and moni-
tored daily for weight loss and clinical signs of rabies. Mice that lost
more than 20% of their initial body weight or displayed paralysis were
euthanized. No statistically significant difference in mortality from the
wild-type virus (n = 10) was observed for either the codon-deopti-
mized rN2C-D80 strain (P = 0.3511; n = 10) or the codon-optimized

rN2C-Op virus (P = 0.432; n = 10).

and M. Second, poliovirus is a fast-replicating virus that over-
whelms host defenses with speed. In stark contrast to poliovi-
rus, rabies is a slowly replicating virus that aims to preserve
host cell function and relies on mechanisms other than speed
to overcome host defenses (1, 3, 16, 38, 39). It remains to be
seen to what extent codon deoptimization of viral genes other
than G attenuates rabies virus. Since attenuation of RV is
generally correlated with increased replication and transcrip-
tion, faster growth, and higher titers, we would expect attenu-
ation to be less pronounced than is the case with poliovirus.

Increased viral protein expression in cells infected with
codon-deoptimized variants clearly points to regulatory
mechanisms that impact protein synthesis and intracellular
accumulation. The existence of such mechanisms is also
suggested by the fact that, in the context of an infectious
virus, the reduction in the amount of G that is caused by
codon deoptimization of the glycoprotein gene is much less
than the reduction observed after transient transfection of
the same genes into NA cells. A direct role of G in the
regulation of transcription and replication has not yet been
reported. However, given the important role of G in virus
release, a smaller amount of G would reduce the amount of
viral protein that is released from infected cells in the form
of viral particles (20). This would result in increased accu-
mulation of intracellular viral proteins and could explain the
changes observed in cells infected with codon-deoptimized
viruses.

Significant effort has been expended on further increasing the
attenuation and safety of live rabies virus vectors by introduction
of additional copies of the glycoprotein gene. In light of the data
presented here, it would appear that the additional attenuation
observed in these studies could be due in part to the increased
length of the viral genome and a reduction in the amount of L due
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to the insertion of additional transcription start-stop signals. It
remains to be clarified how much of the attenuation is really due
to an increase in glycoprotein expression.

In summary, our data provide strong evidence that the gly-

coprotein expression level does play a role in pathogenicity but
is not a dominant determining factor. Construction of a live
attenuated rabies virus is therefore not achieved by solely tar-
geting the expression level of the glycoprotein gene but neces-
sitates the use of multiple attenuation markers and a multi-
genic approach (44).
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